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Sunnary

Tests have been made to establish whether a pitot rake could be used as an
absolute measure of the thrust of a jet engine on the ground and in flight.

The tests were made to investigate errors due to the assumptions inherent in
the single pitot method of estimating thrust in flight, and to establish if a
rake can be used to calibrate the single pitot of an uncalibrated engine installed
in an aircraft. The tests were also planned to check the generacly accepted
non-dimensional thrust relationship for jet angines.

The tests were made on De-rwent 5 engines installed in M.eteor 4 aircraft.
The tests covered a wfide range of flight conditions and included test bed
measurements on bare engines and later, measurements of exit static pressure.
Although the tests could not all be mrade on the same engine, the same final
nozzle was used in all the main tests.

The main conclusions were:-

(1) Static tubes must be incorporated in the pitot rake to give
absolute thrust measurements and even so a discrepancy of 2%- requires
further investigation.

(2) The single pitot methorl of estimating flight thrust based on engine
test bed calibration was in error by as much as 6" due to changes in total
pressure sampled by the single pitot and in the magnitude of the exit static
pressure between calibration and test conditions.

Using the pitot static rake to calibrate the .ingle pitot of an installed
engine introduced flight thrust errors no larger and possibly smaller.

(3) Non-dimensional thrusts at 35,000 ft. were some 1% lower than
corresponding thrusts at 5,000 ft.

Further tests are required to establish the magnitude of these effects on
other engine types.
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3.

I Introduotion.

It is desirable in all flight performance tests on turbo jet aircraft to
measure the engine thrust. This is required firstly to check that the engines
are in flight developing the thrust which is expected, and secondly the thrust
is required so that the aircraft drag can be obtained from the performance
eqyation. Such routine thrust measurements are desirable because differences
in thrust between nominally identical engines, and even differences in thrust
during the life of a particular engine cannot be neglected.

The desirable requirements of any method of thrust measurement to be used
at A.& A.E.E. are as follows (Ref.1).

(I) The installation must have a known or negligible effect on flight

performanoe, sines the performance of a standard aircraft is being dealt with.

(2) The method should have an acouracy of + 1% if possible.

(3) The installation must be capable of retrospective embodiment, without
ajar modification, in any type. Test bed calibration of an engine, as in
the single pitot method, would come under the category of major modification,
sinee test aircraft may arrive at this Establishment with an uncalibrated
engine t~ted.

(4) The additional instrumentation required should not preclude the use
of the nornnl performance automatic observer in an aircraft in which space is
limited.

(5) The method should preferably give a direct measurement of the gross
thrust and not involve considerations of thrust on engine bearers, since
retrospective embodiment would be very difficult and also accurate measurements
of air intake efficiency would be necessary (Ref.2).

(6) It should if possible be suitable for use with reheat.

The normal method used to date to measure jet thrust in flight has been
the well known "single; pitot" method (Ref.3). This method meets requirements
1 4 and 5, but it has the disadvantages firstly that its accuracy is not known
precisely due to lack of information on the assumptions inherent in the method,
and secondly that full test bed thrust calibrations are required for each
engine used for performance flight tests.

To overcome these shortcomings of the single pitot method, it was decided
to investigate the assumptions of the method, and to try to develop a simple
method of calibrating the single pitot which would be independent of test bed
ueasurements.

It will be convenient at this point to re-examine the basis of thrust
measurement by idomentum methods, and in particular point out the assumptions
mad'e in the single pitot method. This has been done more fully in Appendix I
to wWich reference should be made for details.

The basic equation for nett thrust in flight is
Y oVo M6V 6

XN  g + g + (P6 - Po) A6 , ....... I0)

where only the internal flow through the engine, 1, is oonsidered, and the
plane 6 is chosen where the static pressure is zero for subsonic jets, or
I4-ernativelpwhere the throat occurs for supersonic jets. (Ref.4).

4-inlarly the gross thrust in flight, on the ground or on a test bed is
given by

= - 6 + (P 6 - 2 A6  .......... (2)

/and for..
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ttst bbd
and for the test bed X -- X the thrust measured on the/thrust meter.

In flight it is necessary to ',ake neasurements at the jet exit in order to
define the internal flow boundaries. Assuming that mixing losses between
plane 5 and 6 are negligible the expression for gross thrust is then

S_6A 5 v62 + (p6 _ A5  ' ........ (3)
X gA 5

and all quantities in (3) can be calculated given the total and static pressure
at the jet exitpand assuming isentropic flow from plane 5 to 6. Thrusts
would be estimated from equation (3) from pitot static rake measurements.

If the assuinnticn is made that P5 = P 6 i.e. that the vena contracta
or throat occurs at the jet exit:

Thenl XM 5V5

from which

9)- (5)50

where F, is known (see Equation ; of Appendix 1)

Thrusts would be oaleulated from Zquation 4 t'om measurements ith a pitot
miAke.

In all equations (i) to (5) it is assumed that an integration over the
intqnal flow eross seotion will be made if conditions are not uniform.

In the single psitot. method a further assumption is made that

- (Pr) where H4 is the single pitot total ..... (6)
5 pressure

and ombining (5) and (6) gives

F 3 t) F1 ... '7

Ho XT  X
A test bei alibration provides measured values of 9 and 7 = r- from

0 0 0

which the effective area Aft = A593 (jo) is determined, and hence equation (7)
0

is used to determine gross thrusts in flight.

To summarise, the assumptiorsin the single pitot method refer to flow
conditions in the final nozzle exit and are:-

(i) The relation between L and i.e. the total pressure distribution
P0

is the same on the test bed arM in f"light.
(2) The relation between a and H4 , i.e. the final nozzle static

(2)~~~ Th eltonbtwe

pressure is also the same on the test bed and in flight.

(3) It is necessary to extrapolate values of Af' cbtained on the test bedto

li4 .
higher values of pressure ratio Lo only obtainable in flight.

/Measurements..
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Measurements have therefore been rcame of total head distribution and static
pressure in the final nozzle of Derwent 5 enines wohen installed in a Meteor 4
aircraft both on the arcund and in flizht, and also on the bare ensine cn the
test bed. hu measurements were tsade usino nitct and pitCt static rakes.

It was thoucht thnt if the rake method -:roved successful as an
absolute measure cf thrust., it could be ased to calibrate the single pitot on
the ground without need for test bed meas-urments. The tests were also
designed tc check how closely thrusts measured in flirznt by the rake, agreedwith the generilly assaed non-dimensional relationship.

The tests were first planned to investigate total head distribution changes
using pitot rakes. The importance cf the static pressur assuptions was
realised later, and separate 7ea.surements of static rressures had to be made on
another Meteor 4 aircraft. Thi has o-.Tlieated the analysis of results.

In fact the tests made fell into the fcllo:wing three chases:-

Phase i. Engine in aircraft. Tests te measure total pressure at the
single pitot and pitot rake, both static cn the grcund and in flight.

Phase 2. Engine on test bed. Measurements of thrust by balance and of
single pitot and pitot rake total pressure. This revealed a discrepancy
between the thrust measured on the test bed balance and thrust calculated
from the rake total pressure reains which was ascribed to the jet not being
fully contracted at the final nozzle as is assumed conventionally in calculating
thrust from pitot readings.

3. Engine in aircraft. As a result cf/2, measurements were made
of static pressure at the -inal nozzle repeating Phase I ground and flight test
conditions. These values of static pressure erabled a correction to be applied
to the thrust estimated from the pitot comb in Phase I tests.

Paragraphs 2, 3 and L describe in detail the tests in Phase 1, 2 and 3
respectively. The conbined results are then discussed in paragraph 5.

2. Phase I tests. Total hcad measurements ezine installed in the aircraft

The Phase I tests were undertaken to obtain a comparison betveen thrusts
measured usrnpV single pitot with a test bed effective area calibration, and
the thrust obtained directly fro. a total pressure traverse at the final nozzle
exit using a pitot rake. The tests were also planned to give infor.ation on
the suitability of calabratins; a single pitot against a pitot rake durine ground
runs of an engine installed in an aircraft, and to check the validity of the
non-dimensional relationship between non-dimensional thrust X/p and N119- by a
comparison of thrusts measured over as wide a rt- ge of alt itude as possible.

When the tests were started it was thoucht that flow distribution changes
with variation in flight Mach num.ber, Reynolds number and altitude would be
the main source of error in thrust estimated from sing.,le pitot pressures and
the tests were planned to show up such changes, it was later appreci ated
that departures in the static pressure at the final nozzle exit from the values
normally assumed could not be neglected.

in this account of Phase 1 tests only measuremrents of total head will
therefore be discussed, and the fully corrected thrusts estimated from the
Phase I total head results and the static measurem.ents of Phase 3 tests will
be discussed in paragraph 5.

2.1 Descriptior of aircraft

2.1.1 The aircraft used for the 7-hase 1 asts, Yeteor FA .420, was
a production short span- M'eteor F. W...

/The -ircraft..



The aircraft was flown with a 1820 gallon ventral tank fitted, at a normal
take-off weight of 16,020 lb. The starboard guns were romoved to make room
for a pressure selector 2echanisn

Since on the fli2ht tests the pcrt en.ine was set to give the correct
intake ran conditions on the starboard test enzine, the weight and aerodynamic
condition of the aircraft were of no significance trovided the required speed
P.nd altitude could be maintained. It is shown later (2.5.5) that thevariation of intake efficiency -idth incidence was very small.

2.1.2 &vzine details. Meteor RA.42O was fitted with two Derwent 5
engnines, Nos.4044 and ; al Phase I test measurements were made on the
latter engine. Prior to the tests the engines were fully calibrated by
Messrs. Rolls Royce on a test bed with their flight jet pipes and single
pitots. On installation in the aircraft the machined final nozzle on the
test engine was renlaced by one to which the rake attacKments were fitted.

2.2 Instrumentation

2.2.1 Pitot rake. In order to reduce blockage of the final nozzle
to a minimum the rake body was m.ade as small as was consistent with stiffness
(j" chord x 3") and was positioned 41r behind the plane of the final nozzle,
into which the 10 pitot tubes projected. Fig.2. The pitots, spaced as shc-.n
in the figure, were T" o.D. 22 S.W.G. square ended tubes, sleeved over 2/3
of their length. Stainless steel was used for the tubes, and all parts of
the rake and attachment brackets. The rake body was bolted to brackets on
the final nozzle rin7 which could be attached to the jet pipe in various
positions giving different dia~etrical positions of the rake (Fig. I).
The attachment brackets were given a 5o clearance from the firl nozzle
to clear the jet stream. The temperature of the rake measured at maximum
revs. on the ground, using therm i .,edx paint, was 50COC. The pitot tubes
were brought dcwr. the body of the rake to the outside of the jet pipe, where
they connected individually with copper tubing leading to a pressure selector
in the starboard gun bay,

In the course of the tests an adjustable pitot tube was fitted close to
the final nozzle wall so that the boundary layer thickness could be measured.
This tube was connected directly to a pressure gauge in the auto observer.

The frontal area of the pitot tubes and of the rake body'rO 0.06 and 3
per cent of the final nozzle area respeotively.

2.2.2 Selector. Since no space was available in the auto observer
for a separate gauge for each pitot, a selector was used to relay the pressure
from each tube in turn to a single pressure gauge. The selector, a Relay Box
Mk.5 (Ref. No. 6@/23) was controlled by an e 4 ectric timing switch which when
activated selected each pitct in turn to the gauge for half a second. At the
end of this period a photograph was taken aut=.-tically in the auto observer.
A delay of a quarter of a second between each selection gave a total cycle time
of 10 seconds. The switch was designed to complete three such cycles before
shutting off; a doll's eye in the auto observer marked the be!rzring of each
cycle.

Daring the initial stages of the tests a pressure gauge in the observer
was permanently coonxieted directly to tube No., to check that there was
sufficient time for the pressure in the selector gauge to build up to give
the correct pressure readin' on this tube. This was verified dur-ing initial
test flight, and it was ass,,med that the pressure in the other tubes (tubes
were identacal to No.1) was also beirC correctly recorded.

/2.2.3
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2.2.3 Cthcr instrine. ation. The autonatic observer containcd the
following instruments: -

A. S. I.

Al -icter.
E. SJ. - Port n' starord erns.
jet pipe thermometer - Port and starboard cnznes.
A.S.I. connected to total head rin7 in the starbcard nacelle. T-is ring
had holes facing fore arn aft, and nclecting velocity affects in the
plenum, cha-stber, gives a mean plenlu chan.or total pressure.

Differential oressure zauaes cor.ected to standard pitot and static
positions in jet pipe, and to rake selector sitch.Clock. i

The pilot read the air temperature by means of a balpnce- brige thernometer,
and also the fuel flowneter.

2.2.4 Pressure gauges. The pressure gauges used for this work were
differential gauges using the aircraft static -as a datum. The range of the
instr-mwents was -3 to +20 &b/sq.ihr The ranges actually covered with the pitot
tubes during the tests were:

Ground run 2.3 - 10 lb/sq.in.
5,000 ft. runs- 2.4 - 12 lb/sq. in.

40,000 ft. runs i15 - 4.3 io/sq.in.
The accuracy and suitability of these gauges is discussed

in Appendix 3.

2.3 Outline of Phase i tests

2.3.1 General. The programe "was chosen to give a comparison of
the thrust estimated from the single 7itcV and from the pitot rake readings
over as wide a range of operatinc conditions as could be obtained subject to
engine and airfrane limitations. The measurrients were .made with the rake
in positions desigr.ated A, B, and C which are shownr in relation to the firal
nozzle in Figj.I.

2.3.2 Progra=n Of tests

Ground tests. Readirs were ea~en of the single nitct and pitot rake
with the engine ruring at stabilised r.p.m. under static conditions when installed
in the aircraft on the ground The aircraft was standing nornally on its wheels,
and the tests covered the fall r.p.m, range.

Flight tests. A ccnlete set of measurements was made at -each of
the conditions shown in Table 1.

/Table I
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Table 1

I Altiz eter Vi/ .Zp7 kts. I MI N/ 37t 10,000 - 1,0
o by 500 intervals

I I I 9250
10250

5,000' 260 .391 i1253
i I 12250

* I'I f 1 11250
I i 12250

5,000' 412 6 623 13250

I I , 11250+0 000) 12250 1

* 4~OO412 0623 12250

or 13250
* 35,0001 __. -___, _

II' 1 3250

140,000 14250
or 477 1 .722 15250

16250

It will be seen that this rogramne gives measurements over a cemion range
of N/I_ at the sane v< 1o, at two extremes of altitude.

It was originally the intention to include a set of measurements at
25,000 feet, but these -were omitted after the first rake position measurements
had been made as it was evident that flying time on the calibrated engine would
be running short before the prograrne was completed. For this reason it was
also necessary to omit some of the readings at Vi/ of 260 and 477 in order
to ensure a complete range at the Vi/v1o- of 412 knos.

After completion of the progra,-e at the first two rake positions it was
found that at 40,000 feet the required indicated airspeed could not be obtained
at the lower r.p.m, with the port engine at max. r.p.m. Since no en.ne
deterioration was evident, this charge in performance was ascribed to airframe
deterioration. The higher altitude tests were therefore completed at 35,000
feet.

2.3.3 Flight test procedure. To complete each thrust measurement,
( which involved integration of pressures at three comb nositions) three runs
at the same value of V/ Io and n/,/r7 had to be wade on three flights, so
that it was important for the pilot to hold steady level conditions at the
selected values of Vi/' o and N/l1. The pilot therefore had first to
measure outside air temperature at a specified A.S.I. He then had to adjust
the starboard engine r.p.m. (on which the thrust measurements were made) to
give the correct value of NI /9Z1 which he read off a card against indicated
air temperatures, while controlling Vi/po at the required value by
adjusting the port engine r.p.m.

'When stabiliscd flight conditions were obtained they had to be held for
* some 30 scoonds for the photography of three cycles of the cfmb pressure.

2.4 Results cf Phase 1 tests. The results of the single pitot thrust
* calibration of the bare engine No.L045 on a Rolls Royce test bed made prior

tc installation in the aircraft, are given in Table 6 and the resulting
effective area Af' is plotted against aTT/Po in Fi. 3. This figure also
shows the ratio

H4 Single pitot pressure
? - Mean. tal head based on weighed thrnst

/The neasurements..



9.

The measurements made on the same engine installed in the aircraft in both
ground and flight tests are given in Tables 2 to 5 where the results for each
rake position are tabulated separately. All measurements are corrected for
instrument error, and speeds -and altitudes for pressure error. In order to
assist coparison of results at different rake positions or at different
altitudes, flight total pressure measurements intended to be at the same ran
ratio or Mach number but actually measured at slightly different Mach numbers,
are also quoted corrected to a comrion Mach numnber by the method given in
Appendix 2.

Tables 2 to 5 also show calculated values of thrust but these will be
discussed in oara.5 since the results of Phase 2 and are also concerned.i

Typical distributions of total pressure across the final nozzle are shown
in Fig.1.. The total pressure distribution in the boundary layer in the ground
r-us was measured but thcse fwngj1light condi g. re derived from the
-ronad level results at the same/Ma& numbers. To i7s~lbution measurem -- ts
jn the boundary layer in flight could not be made due to difficulties in
accurately locating the probe under prolonged conditions of vibration and heat.

Fig.5 shows non-dimensional thrusts based on rake measurementsx plotted
against N//Q for the three rake positions and includes a later repeat run.

A comparison of single pitot pressure F-! and mean rake total pressures H5
for ground and flight tests is shown in Fig. -. H5 was obtained by meaning rake
total pressures cn a momentum basis. No differentiation between the three
rake positions is shom in ?ig.6 because Fig.5 demonstrates that the thrust
and hence the mean total head from the three rake positions are in very good
agreement. To indicate the effect of total head changes on calculated thrust
Fig.6 also shows the derivative H 0 X , based on the conventional total

X 1'
pressure thrust relationship. (Equation 2, Appendix 2).

Pi-

Measured fl ght/intake efficiencies based on readings of intake ring
pressure are plotted against N/Gi in Fig.7 (at the Mach nuimber selected
for a check of the engine thrust non-dimensional relationship at 5,000 ar
35,OO0 feet), to check that intake conditions at the two heights are not
materially affected by differences in incidence axd sideslip anrle.

2.5 Discussion of Phase 1 results

2.5.1 Initial test bed calibration. The effective area of the final
nozzle as defined in Apendix I shads the norral appreciable variaticn-4th engine
pressure ratio.

2.5.2 Enine deterioration check. The single pitot measurements made
at the first and last positions tested are in very 7cd agreement and provide a
chock that no sigificant thrust deterioration took place during the Phase I
tests, which covered the period July - December, 1950.

In addition, repeat runs for rake position B (Fig.5) are in good agreement.

2.5.3 Total pressure distribution. The total pressure distribution
at the final nozzle exit shown in Fig.4 is comparatively uniform and shows
that the central wake from the conical fairing behind the turbine wheel has
become fairly widely distributed. No trace could be detected at any of the
rake positions of a wake from the four struts supporting the conical fairing.
It is also significant that the thrusts estimated from the three rake positions
(see Fig. 5) were in very good agreer.ent showing that the mean total pressure
from the three pitct rake traverses must also agree closely. For this
particular engine and jet pipe installationh it is therefore seen that one
pitot rake traverse would give an adequate sazple to estimate thrust. A
check for other installatic.s would of course be necessary.

/It is..
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10.

It is considered that the ences in Reynolds number between ground
and flight conditions would have -7fT fect on the boundary layen) and any small
inaccuracy in the flight boundary layer derived from ground test results, would

have a negligible effect on flight thrusts estimated from the rake.

2.5.4 comparison ofsingle pitot and mean rake total pressures.
The results shown in Fig.6 indicate th9 there is same change in the ratio -
with change in test conditions. Thus . at the higher pressure ratios isH5

H5  sij qficantly higher both under ground

installed conditions and at 35,000 feet than at 5,000 feet. These differences
due to changes in total pressure sa'pled by the single pitot are equivalent to
changes of thrust of the order of 35 . The relationship between the measured
points and the derived test bed curvc of Fig. 6 will be discussed in para.5.

2.5.5 Air intake efficiencies. Fig. 7 hws that air intake efficiencies
at M , .62 at 5,00 and 35,0-0 ft. do not differ by more than 29 which would be
equivai.ant to an increase in thrust at the higher altitude of the order of yo
under the.se conditions. Thus the comparison of thrust at the two heights
required for a check on the non-dimensional relationship will not be vitiated
due to the effects of incidence and sidaslip on air intake efficiency.

3. Phase 2 tests. Test bed measurements on baze engine with pitot rake

3.1 General. In order to check the validity of the rake thrust ; as
being an absoTut measure of thrust it was required to compare test bed
thrustmeter readings with the thrust derived simultaneously fran the rake
total pressure measurements. It was also required to check that the presence
of the rake was not affecting the engine operating conditions through blockage
of the final nozzle. Tests to this programme were made by Rolls Royce whose %help
in this matter is acknowledged.

Tests were wade on a Derwect 5 engine which was run on the test bed, with
rake fitted and rake removed, under otherwise identical conditions.

3.2 Description of test bed and instrumentation. The tests were made on
a Rolls Royce Sinfin production type test bed which was equipped with a detuner
silencer and a thrustmeter of the weighing type. The engine used for the test
was Derwent 5 No.3381.

The Make, single pitot and final nozzle static pressures were measured on
mercury manometers. Normal test bed instrumentation was used for other engine
measurements, the engine r.p.m. being set with a stroboscope.

Static pressure measurements were made near the exit o: the final nozzle
on four wall statics fitted at 900 stations; these consisted of jt 0.D. steel
tubes brazed into holes in the final nozzle ring, the tubes being machined
flush with the inside of the nozzle. They were located as shown in Fig..
The rake was otherwise as detailed in 2.2.1. (Phase 1).

3.3 Tests carried out

The following tests were made:

F(i) ull rating run with flight nozzle and rake fitted(ii r i " " " V It removed.

In each case full engine measurements of thrust, r.p.m, temperatures and
pressures were made, and in (i) rake total head measurements were taken.

3.4 Results of Phase 2 tests

The relevant results are given in Tables 7 and 8. In Fig.8the thrustmeter measurements for runs (i) and (ii) and the thrusts XG derived
by the conventional total pressure-thrust relationship, Equation 2 Appendix 2,
from the rake total pressures in run (ii), are illustrated.

/Fig. 9..
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Fig.9 shows the jet pipe temperatures and the single pitot total pressure

values for the two rune.

The mean differnce between test bed thrustmeter measurements X and
those derived from the rake total pressure values XG, measured simulaneously,
is 6% above 11,000 r.p.m. Table 8,

3. 5 Discussion. Part of the difference between XT and XG of 6L can

be attributed to the drag of the rake which is included in the thrastmeter
measureents.

Ralke dra? = difference between XT, rake on and off,

plus rake interference on thrust.

The difference between XT rake on and off taken from ?-ig. 8 is 2%. The
interference of the rake car be estimated f ra the sinigle pitot readirgs rake
on and rake off. Fig.9. The chanrge is small ard is not much T7reater than the
accuracy of measurement. However the chanbge is significant and amounts to
about - per cent increase in thrust due to the presence of the rake at higher
r.p.m. This increase is confirmed by a very smiall increase in jet pipe
temperature between the two rus.

at the
Thus the rake drag will be 2,, giang a drag of 90 lb./ohoke at I.C.A.N.

around conditions. This is a reasonable figure for a body of these dimensions
and chord thickness ratio of 4. 3.

Since the rake would be expected to give (thrustmeter reading + rake drag),
the discrepancy between actual and expected rake thrust is 3- per cent.

nis discrepancy has been verified by repeat tests on another Derwent
en3ine, and a discrepancy of the st-me order observed on an axial type engine
(unpublished data).

An investigation indicated that the static pressures at the final nozzle
might differ sufficiently from the assumed theoretical values to cause this
discrepancy, and Fhase 3 tests to measure these static nressures were therefore
put in hand.

4. Thase 3 tests. Final nozzle exit static pressure measurements on en.J.ne
installed in aircraft

4.1 Introduction. In the Phase I tests only final nozzle exit total
pressure measurements were made on the assumption that the final nozzle static
pressure was uniform and equal to the theoretical value. Fhase 2 tests shamed
that there was a discrepancy between the pitot rake thrust derived on this
basis and the balance thrust, which was ascribed to this assumption regarding
static pressure being incorrect.

It was therefore decided to make measurements of the final nozzle static
pressure under the same grourd and flight conditions used in Phase Ito check
the magnitude of this effect and to enable a thrust correction for the actuml
static pressures to be derived.

At this stage it was not possible to make the static measurements on the
same engine or aircraft as neither were available. The original flight finr l
nozzle complete with rake wan therefore fltted to another Meteor 4, and some
checks on engine to eni final nozzle static pressure variation were also
obtained.

For the ground and flight measurements of static pressure the static
sources used were a static head fitted in place of the centre pitot on the
rake and two wall statics. Measurements were initially made only at the
centre aund walls since it was thourht that any sw irl in the jet would adversely
affect the accuracy of a static head at any other position, as.d in any case
an appreciable departure fror. the theoretical static pressure was not expected.

/The rake..
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The rake centre static was calibrated against static pressure measurements
mne at the wsl-l of a long tube suspended along the jet pipe ax s during a

groui~d run.

When the initial grcnd and flight tests had been completed it was found
that there was a considerable difference in the static pressure at the centre
and the ws1f of the final nozzle, and that it would be neccsary to kncw the
approximate static pressure distribution between these points to establish
the required correction. The rake was t - fore mrndified by the replacement
of two more pitots by static heads, at zunverient radii, ald a final ground run
made to measure the static pressure at these points.

It was appreciated that the accuracy of these latter static heads was

likely to be affected by any swirl in the jet flw, but great accuracy was
not required since the exact distribution of static pressure had a small
effect an the correction. No figures of the swirl likely to be encountered
waro.e ava.L aIulc

4.2 Description of instruments

4.2.1 Long tube for calibrating rake central static. In order to
measure under ground running conditions the true static pressure at the centre
of the final nozzle, for calibration of the rake centre static, a long tube
was suspended along the axis of the jet pipe. It was suspended between the
centre of the turbine exhaust cone and a support downstream of the final nozzle
(see Fig. i). The tube was stainless steel of I" O.D. and was 102 inches long.
The upstream end was sealed, and was welded into a hole at the apex of the
turbine cone. The dov.nstrean end ran through a sleeve in a streamalined
stainless steel strut which was bracketed to the final nozzle. 1. compression
spring between the downstrearm edge of the strut and a washer ninned to the end
of the tube kept the tube in tension. The strut was 1 inches thick, having
a 3- inch chord. The leading edge of the strut was located 15 x strut thickness
downstream of the two 1/16" D static holes drilled in the tube at the plane of
the final nozzle. This distance, 22- inches, was chosen as Avian negligible
interference at the static holes upstream (Ref. 5 ).

A differential pressure gauge was connected to the tube which, apart frm
the static holes, was sealed.

The compression spring was found to lose its temper during the ground
running but the tube was sufficiently stiff to remain stable and without
vibration except for a period between 12,000 and 13,000 r.p.m.

The tube was a unit with its turbine exhaust cone and in order to fit or
remove this unit the engine had to be removed from the airframe.

4.2.2 Rake static. The static heads fitted to the rake were 3/16"
in diameter and had a hemispherical head. The distance from the two I/1 6
diameter static holes to the head was five tube diameters. Fig. 2.

The two wall statics used were as described in para.3.2, and were on a
diameter at right angles to the rake diameter.

The initial calibration and flight measurements were made on the wall an.
central statics; for the final ground run two additional statics were added
to the rake ab radii of 4 and 6 inches. The same correction factor was used
for these heads as was derived for the centre static head.

All static pressure measurements were made on differentiel pressure

gauges (-3 to +20 lb/sq.in.).

4.3 Outline of tests

4.3.1 General. The aircraft used for these tests was Meteor R1_438;
the condition of Theaircraft was not relevant to the tests.

/The en:ine..
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The engine used for the calibration of the single pitot against the long
tube was Derwent 5 No.4166. The ground and flight pressure measurements were
made on Derwent 8 N0.4905. The Mark 8 differs mainly from the Mark 5 in the
material of the rotating guide vanes. Other differences are external and
there is no relevant charge of nominal thrust or internal geometry.

4-.3.2 Calibration of rake centre static. With the lon= tube fitted a
ground run was made through the maximum r.p.m. range obtainable. Readings of
static vressure were taken on a differential pressure gauge connected to the
long tube.

To reach as high a Mach number as possible in the final nozzle a concession
to operate up to 15,250 r.p.m. had been obtained, subject to temperacure
limitations, but 14,900 were the maximum achieved.

With the lorg tube removed and the rake fitted, the ground run was repeated,
through the same r.p.m. range. The static pressure at the centre static was
recorded on a differential oressure gauge.

4.3.3 Flight measurement of final nozzle static pressures. The static
pressure at the wall and centre of the final nozzle and the single pitot total
head reading were recorded at each of the flight conditions given in Table 1.

4.3.4 Ground measurement of final nozzle static pressures. On
completion of the flight tests the rake was modified by the addition of two more
static heads as described in par. 4. 2. 2.

A ground run was then carried out and the pressures at the two wall statics
and three static heads were recorded. The pressures at the single pitot and
the remaining rake total head tubes wore also measured.

4.4 Results of Phase 3 tests

4.4.1 Ground installed static pressure ineasurements. The static
pressures measured at the centre of the final nozzle by the long tube and the
rake centre static are shown in Fir.10. The correction factor for the static
head on the rake derived from these results is given in Jig.11 which also
ircludes a correction estimated from Ref. 5.

Measurements at the centre static after the flight prograime had baen
completed, using a different engine, are also shown on Fig.10.

The static pressure distribution across the final nozzle on the final
ground run is plotted in Fig. 1 2. Included in this figure are similar unpublished
measurements made by N.G.T.E.

4.4.2 Flight static pressure -asurements. The corrected static
pressure in the final nozzle expressed as a ratio of the mean dynamic head
is given for the full flight programne in Fig.13. Wall static measurements
made on the test bed are also included. The wall readings given are the mean
of two wall statics, which were in reasonably close agreement.

The method of correcting thrust estimated from pi.tot rake readings due t o
departures in final nozzle static pressure from the conventionally assumed values
is given in Appendix S. In the one dimensional case, it consists of a factor
AdA5 which is a function of the final nozzle static pressure. This factor has
been plotted for a range of nozzle exit static pressures, and the results are
given in Fig.1 4.

The flight and ground results were estimated using Fig.14 and the measured
wall and centre static pressures of Fi;. 13 weighted in accordance with the static
pressure distribution of Fig.12. Tne resulting corrections are shown in Fig.15.

/4.4
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4.5 Discussion of Phase 3 tests

4.5.1 Calibration of central static. The accuracy of the calibration
of the central static on the rake depends on whether vibration of the static
tubes could be affecting the static pressure readings and on whether the
presence of either the long tube cr the pitot static rake affeotR the final
nozzle static pressure.

Concerning the effects of vibration, the static pressures using the long
tube as a source appear consistent. The tube remained steady over the engine
speee range except for a period between 12,000 and 13,000 r.p.m., when a
lateral vibration of about 1 an inch developed. The pressure recorded did
not appear to be in any way affected by this vibration and remained consistent.

The rake blockage effects wer4 found to be very small in the Phase 2 tests,
while the central tube blockage will be smaller still, so with the relatively
small rate of change of P5 -with N/vpI (Fig. i0) or H5/p 0  (Fic.13) calibration
errors due to blockage can be considered unimportant for the accuracy rni med

as.c preseuL it tjl st 9

The correction factor for the static head (Fig.11) unfortunately dos not
extend to very high values of local Mach number, or HP 5 , although the maximum

ossiblerm was used on the ground runs. This is due to the fact that when
HPO approaches the choidng value, the high static pressure at the centre of the
jet means that the Mach number there is still low. Over the range of tests the
correction factor agrees to 1% of the dynamic head with the factors for similar
static tubes described in Ref. 5. (See Fig. 11).

4,5.2 Discussion of flight and ground measured static pressures.
The results plotted in Fig. 13 show that the centre static pressures are
remarkably high, particularly in flight, and to a less extent in static ground
tests. The wall static pressures agree closely with conventional theoretical
values above the choke, but are naturally influenced more by changes in flight
conditions when below the choke. It will be noted that there are appreciable
changes between static pressures in flight and on the ground below the choke.

Another result of importance to this report is that the central statics
measured on two different engines and shahn plotted in Fig.10 are in very close
agreement which confirms the view from general considerations that engine to
engine final nozzle static pressures at given pressure ratios would be expected
to agree substantially,

The static pressure distribution across the final nozzle measured on the
ground runs is fairly irependent of jet Mach m -r, and agrees reasonably
"tith the N.G.T.E. unpublished results, also shc - ,n Pig.12. These latter
measurements were made with an N.P.L. pitot static head in a Derwent 5 flight
final nozzle under test bed conditions. The values very near the wall are
likely to be incorrect due to interference and have not been shown.

The additional c tubes not at the jet centre may have been affected
by any swirl present in the jet flw. No infonmation as to the likely magnitudc
of this syrirl has been obtained, but it seems unlikely that it would be greater
than 2 or 30 which would have a small effect on the static readings.

4.5.3 Corrections tJ Phase rake thrusts. The required qorrections
to the thrusts derived from rake total pressure measurements assuming the
theoretical static pressures in the final nozzle are given in Fig. 15.

The correction increases with flight Mach number and decreases with
increase in total pressure. Thus at maximum level speeds the correction is
small, about i% in gross thrust.

At cruising conditions the correction is larger, of the order of 2,', and
at conditions such as would be encountered in a decelerated level, amounts to
about 6%.
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5. Consideration of combined tests

The individual results of Phase 1P 2 and 3 tests have been considered in
detail in paragraphs 2, 3 and 4. To comare thrusts under flight conditions
estimated from single pitot with fully corrected thrusts estimated fran pitot
static rake measurements, the results of Phase 1, 2 an 3 must however be
considered in conjunction. It is therefore proposed/suari-Lse the individual
results which will be used, outline the zcthod of combining results, and
finally to present and discuss the results of the cembined tests.

5.1 Sunnmary of individual results

5.1.1 Phase 1 tests. Measurevnent in flight and on the ground of

single pitot and pitot rake total pressures on Derwent 5,
No.4045 in Meteor 4 RA.420. The tests covered a range of

conditions as wide as possible, whi-ch a-re silusmariscd in T-le I on page 8
s tsingle iitot total p'essure

OThese tests measured the ratio H1/ H5 = mean rake total pressure
which may be considered as the single pitot "sampling factor" of the jet inal
nozzle total pressure, and established that its magnitude has small but
significant changes at given engine conditions between ground and flight
tests and beteen flig- ht tests at high amd low altitudes which would affect
the single pitot method of estimating flight thrusts. (Fig. 6). The tests
also demonstrated

(1) That any troughs in the final nozzle total head distribution due to
strut wakes did not have any serious effects as the mean total pressures at
three rake positions were in good agreement 'ig. 5).

(2) No significant engine deterioration occurred during Phase I tests(ig. 5).
(3) The air intake efficiency in flight at a given Mach number (or ra'

ratio) was not anpreciably _ffected by altitude or sideslip effects. 'W-

(4) The scatter in P%/H5 of single observations is of the order E +1%
exept in flight at high altituCes when it increases to +2 to Yc(See Appendix 3).

5.1.2 Phase 2 tests. Measurements made at the request of 1.& A.E.K, by
Rolls Royce on a test bed to cunpaxe thrust measured by balnce,
and estimated from pitot comb. The engine was Derwent 5

No.3381 which was fitted with the same final nozzle as was used in the Phase I
tests.

These tests demonstrated that the drag of the rake was of the order expected
and that due to the presence of the rake the engine thrust was increased by 10'
or only just significantly. (Fig.8 and 9). The main result was that the thrust
estimated directly from pitot rake readings assuming jet exit static pressure
equal to atmospheric was 3j[, higher than the test bed balance thrust.

5.1.3 Phase 3 tests. Measurements of static pressure at the jet final
nozzle exit on the ground and in flight. The measurements \,ere

made on Derwent 8 No. 90 fitte1 with the same final nozzle as was used in
Phase I and 2 tests, and was installed in Meteor 4 RA.438. These tests
included a calibration of static tube fitted to the rake at the jet centre,
flight and ground measurements of wall and centre static pressures and measure-
ment, on the ground, of the static pressure distribution across the jet exit.

The main results were:-

(I) The ucasured calibration cf the cetral static was satisfactory and
agreed to 1% of the dynamic head with other published work. (Figs.10 and 11 nd
Ref. 10). ExtrapolationI higher final nozzle Mach .numbers obtained in flight
was neoessary.
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(2) Static pressures in flight and on the grou .-d differed markedly from
atmospheric when the jet was not choked, the centre static being 30% of the
dynamc head above ambient atmospheric in scze cases. Above the choke wall
statics agreed with the theoretical choked values but the centre statics were
again appreciably higher. (Fig.13).

(3) The measured static pressure distribution across the jet oxit was
not markedly affected by jet pressure ratio and agreed with same other
unpublished measurements by N.G.T.E. (Fig. 12).

These results showed that a pitot rake is inadequate to give an absolute
measure of thrust and must be backed by static measurements. Corrections for
measured static pressure to thrust estimated direct from pitot readings only
(see Appendix 1) arc. given in Fig.14. The results also showed a changze of
static pressure between static and flight conditions which would affect the
single pilot method of estimating thrust,

5.2 Method of canbining results to obtain fully corrected thrusts for
pitot static rake. It is now clear that to obtain fully corrected

thrust directly by the momentum method it is necessary to make measurements ;rith
a pitot static rake. In fact, the pitot rake readings were obtained on one
engine and the static measurements were made on another no.inally identical
engine with the same final nozzle, and thrusts from the pitot rake results
obtained can only be corrected for static presslre on the assumption that
variations in the magnitude and distribution of static pressure bt-tween
nominally identical engines is insignificant. Ground static pressure
measurements at the jet centre on two engines shown in Fig. 10 are in very
close agreement, while equally close agreement has been obtained on wall
statics measured on ground tests on two other engines. Hence, bearing in
mind that apreciable changes of static pressure are required to affect the
thrust significantly" the above assu;.ption is considered justified at any
rate for the particular installation.

Further, the static pressure distribution was measured on the ground, so
it is necessary to assunze that the distribution is si-ilar in flight. Since
wall and centre values are available in flight the orror introduced on this
account must be very small indeed.

With these assuiptions on statie pressure, corrections to be applied to the
pitot rake measurements to give fully corrected rake thrust have been estimted
from the flight static pressure measurements by the method of Appendix 2 and are
shown in Fig. 15.

As stated in -aragrarh 5.1.2, thrusts estimated directly from Vitot rake
readings assuming exit static pressures equal to atmospheric were 3f,% higher than
test bed balance thrusts measured simultaneously. Only wall static measurenents
were made on the test bed, but these are of the same or .er as wall statics Cn
ground tests (see Fic.13). Under the latter conditions the static pressure
correction would reduce the 345s discrepancy to 2/. Whether this 24 discrepancy
is the sum of various errors in the measurements including windage in the test
bed, or is due to some more fundamental difference, has not been established.
The assumption has been made in presenting thrusts calculated from combined
pitot static readings that they Are basically correct, and no 2, reduction
has been applied. Such thrusts will be nominated XR.

5.3 Thrusts estimated fran combined results. Values of XR estimated on
the basis of paragraph 5.2 are included in Tables 2 - 5, and have been used to
estimate single pitot effective areas Af',

0.10 given 2': change of thrust at F, = 1.4
and 1'/ charge of thrust at /P7 = 1.8
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XR XnR
(defined by f' = thrust per unit area given by single pitot - p

which are plotted in Fig.16 against fV?0 and in fig.17 aga inst N/A-.
The test bed calibration for this singlo pitct-jet pipe combination is
reproduced from Fig. 3 for comparison with these results. It is usual
practice in using a single pitct in conjunction with a test bed calibration
to assume the effective area to remain constant above the highest pressure
ratios reached on the test bed. This extrapolation is shown on Fig.16.
Values of the effective area at hiEgh total -ressures for a Derwent 5 engine
derived frm, measurements made in the Munich altitude test ch-mber, Ref.6,
are included in this figure.

It .y be neted that 7 change in LftI bet-ween calibration and test
condition by definition equals % error in thrust by the single pitct methoci.

The conventinral ncn-d-tersional relationship for jet thrust is that
XR - f1 ( N ,i, M) or f 2 ( '-I 2 nich however neglects chnts

0T yWG P0
of Reynolds number and combustion efficiency with altitude. To check this
relationship measurements of XR made at M = 0.62 at 5,000 and 35,000 ft. havy
been plotted against N/37 in Big.18. It has been demonstrated in nara.
2.5.5. that 1,i is independent of altitude at fixed M so that XR/P o for the --e
heights can be can.pared directly. Values of XGP/Po are also plotted in Fi-. 8.

In Fig.19, measurements of XR nade at 5,000 and 35,000 feet, but at seve ral
Mach nubers, are plotted in the for.

XR

Rl ,against N/ /1 in which form they are theoretially

independent of ram ratio above the choke. The derivation of t'his parameter is
explained in Appendix 4. Also plotted in this figure are the test bed (balance)
thrusts, calculated taking RI01 = 1 .0, and the non dimensional perfonmance graphs
for the Derwent 5 engine taken from the Rolls Royce brochure (Ref.IC).

The experimental error in the measurement of R and XGP is discussed in

Appendix 3.

5.4 Discussion of combined results

5.4.1 Errors in flight thrust estimated from single pitot with a test
bed calibration. All single pitot effective areas in the ;round

run and flight cases in Fig.16 are lower than the test bed effective areas (except
at very low total pressure ratios of about 1.2). This shows that if the test
bed effective area is used under these conditaons the thrust would be over-
estimated. In general there appears to be a steady rise in the actual effective
areas under flight conditions between total ;ressure ratios of 1.7 and 2.6, the
highest value reached on the tests. This ris, brings the actual effective areas
into better agreement with the extrapolated test bed values at the highest total
pressures reached at 35,000 feet.

In general there appears to be little Mach No. effect in the values of Af'
at the same altitude.

At a Mach number of 0.39 at 5,000 feet there is a.proxinrte agreement between
the test bed and flight values over the range of total pressures covered in the
tests and there is little difference between the effective areas at this Mach
number and the results at a Mach ntuber of 0.62 at 5,0CC feet, where they can be
compared over a canon range of IT5/Po. At this higher Mach number the difference
between test bed and flight values increases tc 2 at if5/p3 of 1.6, and then
decreases at higher HPO, being about 221 at H of I. 75.

/;ta. .
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At a Mach number of 0.62 at '5,000 feet the error involved in the use of the

test bed effective areas is lar.%est and is of the order of 5 - - at H P o values
between 1 5 at-! 1.7. Again tht steady increase of effective area with increasing
total pressure brings flight velues into closer agreeaent with the extrapolated
test bed curve. The differe,,c- is small at HPo values of 2.5. The values of
effective area at a Mach number of 0.72 at 35,000 feet are in general agreement
with those at M = 0.62. The difference between the flight values and the
extrapolated test bed curve dezreasing from 4 to $- anproxirmately over the
n Po range of 1.9 to 2.5.

Measurements made in the installed ground case show that the single pitot
effective area under these conditicns is in a-zrcxi.nte agreement with the test
bed calibration at values of to 4 -al uressure 0f 1.2, but that as H 5 /P o is increased
a discrepancy, amcunting to 3 at H/P o = 1.3 and 5% at HIPo = 1.55, is encountered.
This difference between the ground installed calibration of the single pitot using
a pitot static rake and the test bed thrustneter calibration is dealt with belwr
when the implications of using such a rake calibration for flight measurements are
discussed.

The 2t difference between test bed balance and rake thrust measurements, would,
if a-nlicable in the ground installed and flight cases, increase the percentage
differences detailed above by 2%.

The individual contribution to the error in single pitot thrust of changes in
H4J 5 and changes in static pressure between calibration and test conditions can
be examined in Figs.6 and 15. Above the choke the larger part of the error is
contributed by changes in H4/ Hg. At lower pressure ratios it is more difficult
to generalise but both effects are appreciable.

5.4.2 Errors in flight thrust estimated fror. sinle pitot used in
conjunction with ground installed calibration against rake
thrust XR. Again referin' to Fig. 16, the errors in thrust

measured in flight by the single pitot method used in conjunction with a
ground installed calibration against rake txust XR will in general be less
than those involved when the test bed calibration is used. This is
fortuitous, end is accounted for by the fact that under ground installed
conditions the single pitot samples a total pressure ccrresponciing more closely
with those smpled in flight than on the test bed. (Fig. 6 ).

Over the total uressure range covered on the grcuna run, agreement between
the single pitot ground calibration and the flight values is within I or 2 per cent.

If the ground calibration is extrapolated above the highest pressure ratios
obtained assuming Af' to remain constant, the single pitot thrusts would be
sensibly correct at a pressure ratio of 1.6. With increasing pressure ratios
the sin&le pitot thrust would become progressively low, end would be Pbaut 3%
low at HVPo = 2.5.

In this case the Z; difference between test bed balance and rake thrust
measurements, if aoplicable equally to ground and flight conditions, would not
alter the figures quoted above.

5.4.3 Choice of abscissa for plot of A.' The single pitot effective
area_.' oalculated on rake or test bed thrust can bp plotted against RI/P or

N/@41 -i . It has been usually considered that H- P6 is the more logical partster.
This is confirmed in Figs. 16 and 17, where the spread of Af' at any engine con Ltion
specified by H9/o is less than the spread at a condition similarly specified by
NI/Q1. It is therefore not proposed to discuss Fig.17.

5.4.4 Check on non-dimensional thrust relationship. Exarination <
Fig.18 shows that at lower r.p.m. there is good agrce.eent between the rake thrust
values XPO at 5,000 and 35,000 feet, but -with increasing r.p.m. the higher
altitude thrusts fall progressively below those for 5,OOC fret. The fall off
in gross thrust at 35,000 feet ccm-oared with that which would be predicted fr-n
the 5,000 feet results according to the non cimensional theory -mounts to 7> -t
the maxium r.r.n., reachad in the tests.

/The single..
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The single pitot thrust XGp/P 0 calculated using the test bed effective area
also demonstrates this effect, but less clearly, since the effective areas used
are in error and mask the effect.

tig.19 which includes additional resul t s at M = .39 and .72 again demonstrates
the fall in non-dimensional thrust with altitude. Comparing measured and
brochure figures- shows that the brochure figures tend to be optimistic at hith
altitude and pessinistic at low altitude. The engine test bed thrUsts are in
good agreement with the curve at a ram ratio of 1.0.

This fall off of X/PQ at high altitude which is ascribed to changes in
Reynolds number or combustion efficiency has been previously noted in Refs.7and 8.

6. Conclusions

The tests have demonstrated that the assumptions inherent in the single
pitot method of estimating gross thrust based on a calibration of the engine on
a test bed are not quite accurate. Thus chenges in total pressure distribution
between test bed and flight conditions result in single pitot sampling errors of
up to Yl' in total head, equivalent to some 5, in.-thrust. 4gain-changes in the
magnitude of the static pressure at the jet exit between test bed and flight
conditions are quite large, and would result in thrust changes of up to 3%.

These two effects are additive but-were measured on different engines. There are,
however, good grounds to conclude that the single pitot method based on a test bed
calibration could give a thrust error of up to 6. Ccnparative measurements on
a test bed showed the thrust from pitot static rake readings to be Q% higher than
thrust measured by the test bed balance. Further investigation would be needed
to determine the cause cf this discreparcy, but the imlication is that total
single pitot errors quoted above may be increased by the order of al A further
assumption of the single pitot method, that above the highest final nozzle pressure
ratio re.ached on the test bed the single pitot effective area remains constant, is
also not quite accurate; in fact it increases slowly.

Frt the above conclusions it follws that to make absolute -easurements of
thrust by the momentum method, it All be necessary to use i pitct static rake.
Such measare-aents of total and static pressure cn a Derwent 5 in a Meteor 4 on
the ground gave a calibration of the single pitot at least as good, if not better,
than the test bed calibration.

Using the pitot static rake as an absolute measure of thrust, it has been
possible to check the effect of altitude on the generally aocepted non-dinensional
rolationship for the thrust of jet engines, and the conclusion reached is that
there is a fall off in non-dimensional thrust at 35,000 ft. compared with 5,000 ft.
of the order .f 7%.

Other detailed conclusions are:-

(1) Differential pressure gauges of differer _' ranges for high and low
altitude pressure measurements are needed to obtain good accuracy at high
altitude.

() n adequate calibration of static tubes can be estimated from the
literature if care is taken.

(3) The development of an integrating rake would be advantageous for use

if further flight rake measurements are to be made.

7. Further developments

It is suggested that to confirm the findings of the present report, and to
provide information on other engine types, test bed, ground and flight tests with
a pitot static rake fitted should be made on another engine type, preferably with
an axial ccupressor. The use of an integrating rake should be investigated.

/|ist of symbols..



List of sygmbols

x Gross thrust
XT  Engine gross thrust measured on test bed balance

X.' Ground or flight gross thrust derived from pitot rake total pressure
measurements, corrected for boundary layer and using hot area of
final nozzle

XG X4' corrected to nominal vj/1f
XR X; corrected for static pressure in final nozzle

X1 p Ground or flight &ross thrust measured by standard jet pipe single pit&t,
using test bed erTegtivc area correction based on H./Po, corrected t-

nominal Vj/ -Fij
xjp Thrust per unit area based on single itot total pressure

x' Momentum thrust per unit area - at actual VAo
x Momentum thrust per unit area - corrected to nominal V/f 0
P Static pressure:
P1 Static pressure measured by rake static head before correction

P0  Ratio of static prossure to selected standard = Po/i4.7

H Total pressure at agtual Y//P

H "Total pressure corrected tW nominal Vi/]

Mean total pressure across final nozzle area (hot), meaned from rake
measurements on a momentum basis

HT Mean total pressure across final nozzle area (hot) based on weighed thrust
t Temperature O

T Temperature oK

T1  Total temperature at engine intake To + v 2 _/2Kp

9 Ratio of T to selected standard = T/288
fie Ratio of Tj to selected standard '= Ti/288

Kp Specific heat at constant pressure

- Gas flow, lb/seo.
Density

• Ratio of specific heats Kp/Kv = 4/3 for Jet gases

J Mechanical equivalent of heat

R Gas constant
N Engine r.p.m.

Af -Final nozzle area - cold

Af' Effeotive final nozzle area for single pitot
Thrust by rkei or test bed balance XR XT
Thrist per unit area given by single pitot XGP or

Intake efficiency': Hi - PO
• ' Ho " Po

R0  Ram ratio Pj/Po

GP Rake static correction factor = -IH5 P5'

hp Pressure height, feet

Vi  Equivalent air speed, knots
v True airspeed, ft/sec.

Subscripts

o Refers to free stream conditions
I Refers to conditions in nacelle at entry to compressor
4 Refers to conditions in jzt pipe at standard single pitot position

F 5 Refers to conditions at final nozzle
C Refers to centre of final nozzle
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.ppendix I

Theory, of thrust estimation from mnomentum measurement

I. The thrust of. a jet engine in normally defined e the change in momentum
of the interal flow. The planes before end behind the engine between which
the momentum change is measured must then properly be taken as those where the
static pressure of the internal flow-is equal to the ambient- static pressre-

The nett thrust is then

.r../'i-'/l'.)SI. = - -6 .. ." I -

where M is the internal enine mass flow, the plane 0 is at infinity and Vo
is the flight speed, and the plane 6 is such that P6 a Pc..

For a aup-e.rsonic jetpiane 6 may be taken at,-.the throat- (Ref.4) and
S (1) beoomes ,-..

:N M + M 6- 4 (P P-o) A6 ...... i a
g .g

' : -- H6
' ~~~~where P6-' -

2. In the statiocase Vo 0 and the-nett thrust is equal to the gross thrust,

X M=v Vj - *- 1

6 -+ '06 Po) A6 .......... .(2)

where the pressure term is zero below the-choke.

SThis is the thrust which is measured on the test bad, su.ject to minor

", effets of-windage over the engine exterior from induced flow which should be
negligible in a prcperly designed. test -bid.--.

If i t 1.5 assumned that the static pressure in he plane of the. final
no-zl, P5, isi~equa to Po belo* the c ohoke and to H ! 5 +tIN

above therchok o, tne pela e ma bten at final rozale, 5, and

x = - + -5 Po) A5 A . . . . . . . . 1a)

theIpressure term being zero belowjtechoke.

This my be shown to give _s in ref 3)

X 2J~p !52

x --.:Po .- o ,

- + . --r"J.% " ,.- .,.,

SH

- T hic th is obtaineuasd a of t orhe . using the ass ed vlues

effct.- wid" ovrth nin xtro from-:incd flwwihhudb

of P 5  i t co adt H

If the distribution 6 is non-uniform over the fnal nozzle may be

obtaines by integrating (4) over the nozzle area.

T y hv a)

I. /-,
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3. Generally, however, P - P is found to have higher values than those
assumed. The effect of .tis fl.be for the jet stream to contract further
from 5 to 6 where the assumed pressure is reached and there will be a vena
oontracta at 6.

The thrust which will be measured on. the thruastmeter is given by equation
(2) and this will differ slightly from that derived fran equation (3) by an
amount erisira the pressure at the jet stream boundary between 5 and 6.

6
Thus P5 -pO) + (r 6 " P) 6 § P.dA

* :• >' g 5 .

6
-The term ; PdA will be associated with an equal'external drag at the5 5

rear of the engine.- -,..

4, in f1ght it is not. practical to make measurements in plane 6 as downstreem

of the jet exit"the inernal and external flows mix and it will not be possible
to measure the momentum of the internal. flow.

The gross:;hrustXR 'may. however be derived from a pitot-static traverse in
the final noale on the asstiwon of isentro*ic expansion, with no mixing
tosses beteen. 5 and 6 and this is the basis of estimation of 'gross thrusts
cal4clated from pitot static measurements used in the present report.

XR has been derived by first obtaining Xc as the thrust value given by
equation (4) with the usdal assumptions as to static pressure. This is
equivalent to obtaining (

XG 6 L "6 + (P6 Po A5 .. .(61

since the total an& static pressures used are really those corresponding- ta,

piaa 6(H 5 V HO.
The true gross thrust is, from (2) in this Appendix

, (P6 ,) ;

So that

A5

The area ratio, which is applied as a correction to XG, is easily
obtainable from consideration of- isentropic expansion frm- conditions H5 ,
FP5 to H6 , P6 .'

The expressions obtained are
2

* Belwmthe choke I;P '

(P A5

Above the choke ."

P6 , H- T lo)
5 . 5

[ !" ,: 2 / :H 5 .  H ' ,'

S.- /This applies
-: -. .;. ,



3.

This applies to one dimensional flow. In the present tests the static
pressure across the final nozzle exit is not uniform, so an equivalent mean
static has been estimated, weighted for areb. . The error involved in weighting
static pressure for area rather then integratin. over the area of the jet is
negligible since the totalcorrection is of the order of a few per cent of
thrust. , ,

5. Consider now the single pitot method of thrust masurement in the light
c-" the above discussion,.

5.1 Using7 this; method a pitot tube is 'fitted in the jet pipe upstream
of the final nozzle and a calibration run cn a test bed rade in which- this

pitot value, H4, and the static thrdst, XT, are measured over the r.p.m. range.
XT HThe relation Of v so obtained then proVides a calibration for the

P.
uncowled static case .f gross thrust against single pitot reading. _ -

To apply this calibrati;on to t installed flight case an 'effective -area',
Af' ib derived as a function of 'H4 by inserting H4 = H5 and the measured

value of XT in equation (4) and assuming the classical theory values of P5,' I
so obtaining Af' as the resulting value of A5,'

This effective area Af', which may differ from the final nozzle area by:
up to the order of IC, is regarded as a calibration of the single pitot which
takes into account the discharge coefficieht of the nozzle and any position
error etc. of the tube.

In using it for the flight case it is therefore: assumed that such factors
are unchanged. Frther, since much higher values of H,./P- are obtainable in
flight at high altitude than on the ground calibration run the curve of
Af* v must be extrapolated and this is done on the assumption that Af

is constant above the critical value of p- = ..---.--.. after which

sonic conditions obtain at the nozzle; this value is usually just reached
on the test bed run.F.

5.2 Errors -in the derived thrust may thus arise. fran the following causes.

(1), A chan q. e relation between sinje pitot readng 4 and rn'an
final noizle tot I-1 5 due td the different intake conditions resulting
from installation in the aircraft and to Reynolds number effects. These
effects may cause differences between thcground installed a-nd flight cases.

(2)- Adhnge in the exit static nressure, i.e. in the relation
P5/P0  v HVPO between the test bed and flight cases; this would correspond
to a different contracti6n rati6,/1' 5 behind the nozzle. It would be
expected that with increasing flight speed (or V%/V 5 ) the external flow would
cause an increasing contraction and hence a higher static pressure than that
on the test bedwhich is assumed to still apply in the application of the
single pitot calibration.

(3) If (as.. has been found for the Derwent 5) the-tc-tal and static
pressures are non-unifona in the final nozzle, the nozzle flow does not become
uniformly sonic at Y.

H4 -;rt- -
PO 2 -1.85-;

in this particular case the critical pressure ratio was not reached at the.
centre of-the nozzle until H Po .'" 2.4,. The flow distribution thus does not
remain uniform above the cr tical value of Hj/Po and the effective area for
the single pitot cannot be assumed to remain constant in this region.

ZIt h as sonet,.nes in the past bon the pra-ctice to regx.rd'Af' as a function of
r /0i; H4/P o 'is however nov regarded as the m-.aore relevant parameter and i
this is supported by Figs. 16 and 17.



Appendix 2

Method .of deriving thrust from pitot static rake measur-menta

I * Calculation of rake thrust, -

It is shown in Appendix I that

X e fa t .... . .0 N
5

he asr nth islD izl
The factor is obtained from the static pressure in the fini-nbzzle

A5
as in paragraph 5 of this Appendix.

From Appendix 1.m

XC 2 ......... (2)
A5  = - P -1 + (P5 -"~ ~ k,• 7 5j:

wheA P5 = Po or . L.5 whichever is the xrater.

;:2

Then taking = ,/3

P O- L .P - .. ........(3 1)..

below the cr-itical value of p = 1.85

a =x,- 1.259 H5
• "1 Po 'PO

above this value.

-From equations (3) and (4) above a plot can be made of &_ against'
Po Po

iHence for each pitot value of H /P the thrust per unit area. xPo can be
obtained,from the plot.

1!Then, considering a pitot at radius r the value of thrust for the
PO

annulus width -1 r at that radius, assuming uniform ircumferential
distribution, will be

2" r.. XT "
P

0

and over the whole area of the final nozzle
11

F 12 0 r. dr

;,The integral X r. dr can be conveniently obtained by a graphical
-Jo

thd0each product being plottd at. the corresponding radius. The bound
layer is at this stage neglected, ant a correction made later. The area y

under the resulting curVe is the required integral.

2. Correction to thrust for boundary layer in finel nozzle

-:The total head at three positions close to the final nozzle wall (1/16, 3/16,S* inh) was 6btained over a range of r.p.m. during a ground run.
, -: -i. h e .

...... /The.



* The corresponding values of x.r .have been plotted in several of the
'graphical integrations and-the mean Vlue for the loss in thrust due to the
boundary layer fand. This is equivalent to a decrease in final nozzle area
of 1.9%. This correction has been male to all rake results.

3. Correction for expansion of final nozzle

It has been assumed that the increase in-area ofIthe final nozzle due to
expansion was 1.3%. This figure is based on a final nozzle temperature of 5000C,
coefficient of expansion 13 x i0 - 6 ft/ft/0 C. This will be the approximate

. temperature at maximum r.p.4 The error at other soeeds will be very small.
_hiis the val ue _used by.. Messrs,_Rolls. Royne in smilrwor* - Ref.9)

4. Correction of thrusttb nominal V

The variation of. aircraft speed fran the nominal value was not negli..ible
in scne of the tests, especially at the higher altitudes, and a correction has

-been derived using informntion -rom the Rollls-Royce Drmint 5 brochure (Ref.1O - --.-

The thrust over a rage of R/ 45- was established from- the non dimensional
thrust curve for the various nmirm~l test conditions and at aitspeeds above and
below the nominal -test conditions.

The variation of thrust with speed was then assumed to be linear over th&.
small intervals considered, and the differential V ? X calculated.

Each flight thrust measurement has been corrected to the nominal test
airspeed using this infornation. The largest correction involved was 2.%
of. thrust, but the mean correction was 0. 91 . ..

SinTle pitot thrust values have also been corrected ii this way, and the
corrected total head corresponding to this corrected thrust is tabulated and
used in this report.

5. Static pressure correction
of this Apejix

This is applied as the factor L- in equation (14. T is derived as

a function of and in Appendix I and plotted in i2. 14.

In deriving this parameter the static pressure in the final nozzle is
taken to be unifora and in applying it for the: reasured static pressures an
equivalent uniform static pressure was first &btsined as the mean of the observed
distribution weighted for earea.

In the flight tests static pressures were only measured at the oentre and

wall of the final nozzle (Fig. 13). Intermediate positions were obtained on
ground runs however (Fi-.12) and the required mean for these readily obtainable.
For the flight results the static pressure variation across the nozzle was
assumed to be similhr and the mean value taken to bear the same relation to
the centre and wall values as on the ground rufhs.

The corrections derived in this way, which have been applied to the rake
-thrust XG to give the fully corrected rake thrust XR, are shown in FiJ.15 for
the ground and flight conditions at which the tests were made,

A check has been madc on the accuracy of 'taking a meai static pressure
weighted-for area. This was done by using Fit;.14-to correct the value of
thrust per unit area derived from each of the single pitots for the measured.
static pressure at that radius, and integratirg the resultant values across
the final nozzle area. The thrust correction thus derived was in good
agreement with that g&ven; by the simpler methoa:Vsed.
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:Possible source of obserid scatter in thrust
derived from total pressure measurements

1. Differential. pressure u I.

The instrument selected for the. pressure measurements'in these tests was'a
two pointer sensitive differential pressure gauge of range -3 to +20 lb/sq.in.

The gauge is temperature compensated and-the auto-observer was heated,
the temperature being usually between 5 and 1500. -The instruments used werefrequently c-aibr-ted-- ad no- sudden change- in inst-f.Ant e- m mcountred._

The mean lagx was about .03 and the maximum 0.10 lb/sq.in. The gauge

could be read to-a nominal 0,02 lb/sq.in. The Accuracy of the gauge would be
expectd -to be about 0.1 lb/sqin.

- Theprossure ranges required-were as-follows: .

Ground run 2.3 - 10 lb/sq.in.
5,X) ft. - 12 ib/sqein.

40,000,ft. 1.5 - "3 lb/sq.in.

an-The error in thrust for a 1% error in dynamic pressure is given i'Tablu 9
and is epproximatly 0 over the working range of total head values.

notThus for the ground runs and 5,00--ft. flights the instrument errors should
not cause random scatter of any significance. At high altitude however the
maxium error of a single observation could be 6 at the lowest total1 pressure
decreasing to 2 at the higher values. :

In any future single pitotand rake measurements the usc of an accurate
pressure gauge of a smaller range is recommended for high altitde measurements
in ccijnction with a gauge of the type used for use at low altitude.i Some
automatic switching device might be necess ary to vrctect 'the low range instrument
fran high pressures at low altitudes. It is possible that an A.S.I. with a
suitable pressure range could be used at high altitudes.

2. Engine speed indicators

The accuracy of these instruments is quoted as 1$ of full range corresponding
to a possible ijS error at high r.p.m. Since the changetOf thrust for ond per
cent change in r.p.m, rises to about 35Z at high r.p.m., this could introduce a
scatter in the results comparable with that possible from the pressulv gauge at
high altitude.

The actual scatter of the thrust values obtained is-of the order of 8%
throughout the total head rare at 40,000 ft. and about 2,: at 5,000 ft.
This latter figure can be ccnsidered satisfactory -when these two possible
sources of error are considered but the increase in scatter at 40,OO ft.
then seems excessive. .

3.e Other sources of error

Other possible sources of-error in the tests are in the unsteadiness of
flight conditions during the period when:.a set of readings was being taken and
possible malfunctioning of the selector box.'

x ... "

Defined as difference in reading of a vibrated instrunent at the same aplied..
differential pressure calibrating first with differential pressdre incre&sihg,.
and then decreasing. ,



2.

.3.1 During a set of readings sa=e varidtion in A.S.I.,,height az4 r.p.m4

did in fact occuir, particularly at high altitude. However during the 30 second
reading period each pressure was read-3 times at 10 second intervalS and the mean
value was ascribed to the mean flight conditions so"that the final 'hrror involved
would be considorably less than that due to the overall change. The biggest
-change was in r.p.m. whore the mean variation during a set of readings was 40
and the maxinm 100. The resultant error should generally be negligible. .- "

3.2 A further source of error in'the pitot rake results is the selector
box. It will be -seen from Fi&g18 that the scatter of the thrust values at-
35,000 feet, estimated fran the rake,:is rather -higher .than those from the
single pitot-. -This mav be, in part at least, due to malfunctioning of the

Seelectlr. -- =-"-Tsas-_ grbun che-da..t inter±.La foS 0ati ctcztry-oparatie-T of
the valves but their pcntinued satisfactory operatioh at-high altitude could not
be entirely verified. A check was made however on the initial flights by
duplicating the pressure reopronl at one 'rcke -pitot as a continuous reading on
another gauge and. satisfactory agreement with the selecto. gaiug._ founqg. On.

--several tcdrsions a tube tsz ±6 d to be giving grossly inconsistent readings,
the trouble being located in a faulty valve which was recti.fied. On such
occasions the relevant pressure was obtained by interpolation from the adjacent
tubes, if the faulty tube was one of those near the centre where pressure errors
would contribute little to errors in the integrated thrust value. Othervise
a repeat t.est was made.

S1 While sn"e such device is necessary for these measurements in an aircraft
where auto-observer space is restricted it would be very desirable where possible
in such tests to have a separate gauge for each tube or, if only mean total
pressure is.reqired~for thrust estimation and not necessarily the actual
distribution - to use an integrating rake recording continuously on a single
gtuge (Ref.14).

P-- S

... -_



Appendix.4,
I

Derivation of the function - +1 
Rol

The usual non dltiensionA. theory states that the non dicensional'thruat

is a function only of 1 and the-ranratio Pi * In order to 6&apore the'.

gross thrust of an eng{ac ric- red in flirht over a rar-e of N at several

ram ratios PI , to check the voalidity of the hbove assinptio, it is desired

to find sme function of the g'oss thrust Thich is irdependent of the ran
ratio and varies only with N *

This can be done above the final nozzle choke as follows:

-. ' Consider an engine, on a stand, running at or above the choke, there bdiing
an evenly distributed pressure Pi oorresponding to the ran pressure around, the
itake and enine, the engine exhausting to a pressure Po.

Then if the choke occurs at the final nozzle the f roe F measured on the
stand will be :

Assiming zero intake ocentun

Thereforeq Pj H5 7~5 +~ ... ...(
1-f

At lrisstre ratios above that at which the final nozzle chokes P5 and
M5 v 5 re directly proportional to P1, so that at axw )nrtioular N the expression

F will be unique for-anr Pi and independent of P,.

Now he .-ross thrustX + (P5X = U-V

* F zX *Pi. VXP
P1 Lf Pi 11 fr -1, where Rol Pi

whichfroan (i) is independent of Ro1 above the choke

Hence-- + is independent of P1 .

Rol

above the choke, ed-when plotted against N the values of this function

shouidlie on a unique ourve if the assuaptions of the non-dimensional theory-
are aorrect. Below the choke measureiznts at various ran ratios should be on
a series of uniqup'.oup s.

In )'actice the function is.plotted as T + , his being a: . ..... ,." Af Po- "

Rol , 4

conviont f cri when the single pitot sate area L; is assuned constant above
the; choke.-

/Then....
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Tbn by the momentum2 thecry X,-.W 2, 5 (Appenix.2)

aM we have I!
- +I..._ .I : 5 - - . ...

+ r'

ol Rol

In this case a value of AfI = 188 sq.in. has been used when plott ing
this function, this oorresponding closely to the wue of the effective area
of 187 sq.ins, obtained.for the test engire'at the choke (Fis. 3) and being
the:.valu used in the Rolls.Royoe broohure in the plot of this function as
being a typical value of the effective aroa..

-. -- -

- " - -. .
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Table 6

-Dearent Rolls Royce
Engine No, 4045 Turbine Test Dept.

18.11,49.
Po = 29.59" Hg. Rof: Lov/FG/LH 2/OT

K~ HPC fl I_ __ t KIPoQ lb. I Pa To-
v Inohes Thrust

Hg. Measured
10110. 5.20 1.1758 47.52 985 67.85 1.428 48.05 1.178 .998
10610 6.10 1.2061 55.11 1135 78.05 1.417 55.25 1.207 .999
11120 7.12 1.2405 63.63 1290 88.8 1.395 *:62.85 1.237 1.004
11620 8.35 1.2821 73.60 1488 102.2 1.390 '72.35 1.277 1.004
12130 9.85 1-3325 85.49 1710 117.8 1.378 83.4 1,324 1.007
12630 12.08 1.408 102.64 1976 136.0 1.328 :96.25 1.379 1.021
13130 14.40 1.486 119.62 2267 156.0 1.307 -110.4 1.44 1.028
13630 17.30 1.585 140.24 2645 182.2 1.299 129.0 1.531 1.036
14140 20.20 I.683 159.69 2993 205.9 1.290 145.75 1.613 1.04.4
14630 23.65 1.800 181.86 3421 235.8 1.297 166.9 1.720 1.04/7
14830 25.15 1.8495 190.9 3603 248.0 1,302 175.6 1.767 1.048
14630 23.65 1.800 181.86 3416 234.6 1.292 i66.0 1.714 1,050
14120 20.22 1,68,L5 159.99 2995 206.0 1.289 145.8 i.613 1.045
13630 17.51 1.592 141.58 2643 182.0 1.288 128.9 1.530 1.041
12620 12.00 1.4055 102.07 1971: 135.8 1.329 96.1 1.378 1.020
12120 9.80 1.3316 85.29 1712 117.9 1.381 83.4 1. 324 1.005
11610 8.35 1.2821 73.60 1493 102.8 1.395 72.75 1.278 1.003
11110 7.05 1.2381 63.04 1285 88.,5 1.401 62.6 1.237 1.001
10600 6.08 1.2055 54.97 1133 78.0 1.420 55.2 1.207 .998
10100 5.15 .1.1740 L-7.05 983 67.6 1.438 47.85 1.177 .998

Rep 't.
10080 5.12 1.1738 47. 983 67.9 1.443 48.05 1.178 .997
11100 7.05 1.2392 63.29 1285 88.6 1.402 62;7 1.237 1.002
12110 9.75 1.3302 84.93 1700 117.4 1.383 83'05 1.322 1.007
13110 14,28 1.4845 119.30 2253 155.2 1.301 109.8 1.442 1.030
14120 20.00 1.6785 158.80 2981 206.0 1.299 145.8 1.613 1.042
14+840 25.00 1.84.85 190.73 3593 248.0 1.301 175.6 1.767 1.047
14630 23.50 1.796- 181.11 3403 235.2 1.298 166.5 1.718 1.045
13620 17.30 1.5865 140.55! 2625 181.3 1.292 128.3 1.528 1.038
12610 '11.90 1.404 101.74 1963 135.7 1.334 96;05 1.378 1.019
11600 8.11 1.2752 72.02 1485 102.5 1.423 72.55 1.278 .998
10590 6.00 1.2036 54.51 1115 77.0 1.412 54.5 1.20. .999
14710 23.95 1.8105 .183,50 3468 239.6 1.304. 169.6 1.736 1.043
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Table 9

" Percentag a ge in 5 Change in thrust
thrust for I Ohange for i% mhange in0 Po in (H-/po) H

1.15 7.20 .939
1.20 5.60 .933
1.30 3.90 .900
1.40 3.10 .886
1.60 2.25 .844
1.80 1.82 .809
2.20 1.56 .853
2.60 1.44 .886
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